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Abstract
We present first results and future plans for the Oscillating Resonant Group
AxioN (ORGAN) experiment, a microwave cavity axion haloscope situated in
Perth, Western Australia designed to probe for high mass axions motivated by
several theoretical models. The first stage focuses around 26.6 GHz in order to
directly test a claimed result, which suggests axions exist at the corresponding
mass of 110 µeV. Later stages will move to a wider scan range of 15-50 GHz
(60 − 210 µeV). We present the results of the pathfinding run, which sets a
limit on gaγγ of 2.02× 10−12eV−1 at 26.531 GHz, or 110 µeV, in a span of 2.5
neV (shaped by the Lorentzian resonance) with 90% confidence. Furthermore,
we outline the current design and future strategies to eventually attain the
sensitivity to search for well known axion models over the wider mass range.
Keywords: axions, dark matter, haloscope, ORGAN
PACS: 14.80.Va, 95.35.+d
1. Introduction
1.1. Axions and detection experiments
The nature of dark matter is one of the greatest questions plaguing physics
today. Many have suggested that dark matter is composed of weakly-interacting
particles. One such class of particles of great interest are so called weakly-
interacting slim particles, or WISPs [1]. The most well known and theoretically
motivated WISPs are axions (or “axion like particles”, ALPs). Axions were
first proposed in 1977 as a consequence of an elegant solution to the strong CP
problem in QCD [2]. Subsequently it was proposed that axions might compose
dark matter as they should have the desired properties, specifically, a mass and
a weak coupling to regular matter [3].
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The first direct, laboratory search technique for these particles was proposed
in 1983 and is known as the haloscope, so named as it searches for axions in the
galactic halo [4, 5]. The haloscope is a technique for detecting axions via their
coupling to photons. In what is known as the inverse Primakoff effect an axion
will convert into a photon when another photon is present. In most haloscopes
this second photon is virtual, provided by an external static magnetic field. As
a result the frequency of the generated real photon corresponds directly to the
mass of the axion. There are a number of axion haloscope searches currently
underway, most notably the Axion Dark Matter Experiment (ADMX), the first
and most mature of such experiments [6, 7].
One of the largest problems facing axion haloscopes is the fact that the mass
of the axion is unknown (other than some broad cosmological limits [8, 9]),
meaning that the frequency of the generated photons is also unknown. This,
combined with the fact that the strength of the axion coupling to photons is un-
known, creates a large parameter space for searching, which requires a number
of experiments to probe different axion mass ranges. The most critical param-
eter in axion searches is the Peccei-Quinn symmetry breaking scale, fa, which
determines both the axion mass and the strength of its coupling to photons
according to
ma =
z1/2
1 + z
fpimpi
fa
gaγγ =
gγα
fapi
.
Here ma is the axion mass, z is the ratio of up and down quark masses,
mu
md
≈
0.56, fpi is the pion decay constant ≈ 93 MeV, mpi is the neutral pion mass ≈
135 MeV, gγ is an axion-model dependent parameter of order 1, and α is the
fine structure constant [10, 11, 12, 13, 14]. fa is the parameter that haloscopes
ultimately wish to constrain. A recent and highly promising theoretical model,
known as SMASH, points to high mass (∼100 µeV, or ∼24 GHz) axions, with
corresponding frequencies in the microwave and millimetre wave ranges [15].
Furthermore, a recent paper (hereafter referred to as the Beck result) claims
that an anomalous effect observed in Josephson junctions can be explained due
to an axion with a mass of around 110 µeV (26.6 GHz) entering the junc-
tion [16, 17]. These factors combine to motivate direct axion searches above
12.5 GHz, particularly in the range near 25 GHz, and specifically around 26.6
GHz. However, due to a host of technical limitations [18] and practical consid-
erations, most haloscopes operate at frequencies well below 10 GHz, and this
highly promising region of the axion parameter space remains largely unprobed.
There is currently some interest in developing axion searches in mass ranges
lower than those traditionally searched [19, 20, 21], however, the move towards
high frequencies and high axion masses is a more common contemporary goal
of axion haloscopes [22, 23, 24, 25, 26, 27].
The ORGAN experiment has performed a static (non frequency tunable)
pathfinding run that allows very narrow limits to be placed on axion-photon
coupling near 26.6 GHz, and development of later stages of the experiment,
which will scan a large area of this highly promising mass range, is currently
underway.
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1.2. Haloscopes
A haloscope is an axion detection technique in which a resonant cavity is
embedded in a strong (typically) static, uniform magnetic field. If axions are
present in the cavity due to an abundance in the galactic halo dark matter,
a small number will convert into real photons with a frequency corresponding
to the axion mass. If the central frequency of the resonant cavity is tuned to
overlap with this frequency, the signal will be resonantly enhanced, at which
point it can be read out via low noise electronics, and ideally detected above
the thermal noise of the system. The expected signal power in a haloscope is
given by [28]
Pa ∝ g2aγγB2CV QL
ρa
ma
. (1)
Here B is the field strength of the external magnetic field, C is a mode dependent
form factor of order 1 [29], which represents the degree of overlap between the
cavity mode electromagnetic field and the electromagnetic field induced due to
axion photon conversion (it is an integral of the dot product of these two fields),
V is the volume of the detecting cavity, QL is the loaded cavity quality factor
(provided it is lower than the expected axion signal quality factor ∼ 106), and
ρa is the local axion dark matter density. The signal powers in axion haloscopes
are extremely weak, even ADMX, which operates with a very large volume
and high magnetic field system expects signal powers on the order of 10−22 W.
The challenges faced in the move to high frequency haloscopes are evident in
equation 1. The volume of detecting cavities scales inversely with frequency, the
surface resistance of materials increases with frequency, which impacts quality
factors, and there is a 1ma term in the haloscope power equation. To further
complicate this, the quantum noise limit of amplifiers increases with frequency,
making it more difficult to resolve a signal above the noise of the amplifier. A
common suggestion to alleviate the volume concern is to utilize a large number
of small cavities power combined, however, this presents a series of immense
practical challenges in an experiment. The scanning rate of a haloscope is given
by [30]
df
dt
∝ 1
SNR2goal
g4aγγB
4C2V 2ρ2aQLQa
m2a(kBTn)
2
, (2)
where SNRgoal is the desired signal-to-noise ratio of the search, Qa is the axion
signal quality factor, and Tn is the effective noise temperature of the first stage
amplifier, with later amplifier contributions suppressed by the gain of this am-
plifier. This is the quantity that must be maximized in design of an experiment,
for which C2V 2G can be viewed as a figure of merit for resonator design as
all other parameters either depend on the properties of the axion, the external
magnetic field or the first stage readout amplifier. G is the mode geometry
factor given by
G =
ωµ0
∫ | ~H|2dV∫ | ~H|2dS . (3)
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Where ~H is the cavity mode magnetic field, rather than the external magnetic
field. G is directly proportional to the mode quality factor according to
Q =
G
Rs
, (4)
where ω is the resonant frequency, µ0 is the permeability of free space, ~H is the
cavity magnetic field, and Rs is surface resistance of the material.
1.3. ORGAN
The ORGAN experiment will be an Australia-wide collaboration of different
nodes from the ARC Centre of Excellence for Engineered Quantum Systems
(EQuS), hosted at the University of Western Australia, and will search for axions
in the range 15-50 GHz. The experiment will employ a 14 T superconducting
magnet, and a variety of thin, long resonant cavities of different dimensions,
similar in arrangement to a pipe organ. The initial stages of the experiment
will utilize traditional HEMT-based amplification as the EQuS nodes develop
quantum-limited amplification chains based on Josephson parametric amplifiers.
The project has been in a development stage for the past few years, and has
recently undertaken its pathfinding run, using a stationary frequency cavity
mode, and a series of HEMT-based amplifiers at 4 K, inside a 7 T magnet.
2. Pathfinding run
For the initial test run of the experiment it was decided to focus around 26.6
GHz, in order to prepare for a full-span, direct test of the Beck result, which
suggests axions between 26.1 and 27.1 GHz (108 to 112 µeV). A small, oxygen-
free copper resonant cavity with a TM020 mode frequency of 26.531 GHz was
manufactured. The TM020 mode was chosen as it can be shown that CV is
constant between modes for a given frequency and length, and larger cavities
are more practical to probe and characterize. Additionally, higher order modes
tend to have higher geometry factors and thus higher quality factors at a given
frequency [31]. This is illustrated in table 1. Seeing as this was a stationary
frequency test, mode crowding was not an issue. The specific resonant structures
to be employed in future stages of the experiment are the subject of ongoing
research and development. It is likely that they will employ some manner of
dielectric structure based on [32], and that there will be a number of cavities
operating simultaneously.
The primary purpose of this pathfinding run was to test all of the equipment
on hand and generate some experience with the requisite tools and processes.
We verified that the magnet and cryostat could sustain long term, high-field
operation, that our readout chain could resolve the cavity noise and that our
digitization and data collection and analysis systems operated correctly. As a
result of running the entire system simultaneously, we can place narrow limits on
axions around 26.531 GHz below the sensitivity of CAST [33]. To our knowledge
this is the first such experiment to ever be performed above 15 GHz. A schematic
4
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Figure 1: Top: the resonant cavity and first stage LNA employed. Bottom: Schematic of
the pathfinder experiment. A single resonant cavity with a stationary TM020 frequency of
26.531 GHz and a cryogenic HEMT amplifier with an effective noise temperature of 8 K were
employed. The experiment collected data for 4 continuous days. The amplifiers were provided
by Low Noise Factory and the mixer by Marki. The 26.531 GHz signal was mixed down to
approximately 8 MHz in order to be sampled by a commercial VSA from Agilent.
of the pathfinding experiment is given in fig. 1. This same schematic will apply
more or less to the future stages of the experiment, with varied parameters and
a varied number of cavities. The resonance employed is shown in fig. 2 and had
a loaded cryogenic quality factor with a critically coupled probe of ∼13,000.
The magnet, cavity and cryogenic HEMT-based amplifier (a Low Noise Factory
LNF-LNC15 29B with an effective noise temperature of roughly 8 K) were held
at 4 K. This was achieved by attaching a conducting rod to the 4 K plate of the
dilution refrigerator which ran directly into the magnet bore and supported the
cavity and amplifier, without being in thermal contact with the mixing chamber
plate or the magnet itself. Another Low Noise Factory amplifier was attached
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Mode Form Factor Volume (cm3) Geometry Factor (Ω)
TM010 0.69 1.45 386.5
TM020 0.13 7.78 744.6
TM030 0.053 18.87 1244.3
Table 1: Electromagnetic Form Factor, Volume and Geometry Factor of a haloscope cavity
for the first three axion sensitive modes at a fixed frequency and length.
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Figure 2: Two visualizations of the resonance, the first shows transmission through the cavity
in arbitrary units as a function of frequency, whilst the second is a section of the power spectral
density of voltage fluctuations as recorded by the FFT after the signal has been mixed down
as per fig.1
at the room temperature output of the cryogenic readout chain, followed by a
mixer to down convert the cavity spectrum to be centred at ∼ 8 MHz, where it
was sampled by a commercial vector signal analyser and recorded to an external
computer for analysis. Later stages will employ an FPGA based digitizer with
customized software, in development by another EQuS node.
The experiment collected data for 4 continuous days. The data was then
combined and linearly averaged, before a data analysis process similar to that
undertaken in [28] was performed: the power spectrum was computed with a
bin width of 26.6 kHz, which is the linewidth of the axion signal assuming a
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Figure 3: The narrow exclusion limits on axions for the stationary cavity pathfinding experi-
ment. The axion KSVZ and DSFZ model bands, as well as exclusion limits from the CERN
Axion Solar Telescope (CAST) are shown (orange).
central frequency of 26.6 GHz and a signal quality factor of 106. At the end
of the high field operation, approximately 12 hours of cold data was recorded
with the magnet at 0 T, in order to exclude spurious systematic signals in the
system. A 1.1 σ cut was made on the averaged, background subtracted data,
allowing us to exclude a signal of 3.4 σ with 90% confidence. When considering
the relevant experimental parameters and employing equation. 1, the resulting
90% confidence exclusion limits on gaγγ are shown in fig. 3. Seeing as this is an
untuned empty cavity, we use the theoretical value of ∼0.13 for the form factor,
which is found both analytically and via finite element analysis. The physical
temperature of the system was monitored closely via temperature sensors at
different stages of the dilution refrigerator, and the noise temperature of the
first stage cryogenic amplifier was measured separately on a commercial network
analyser, and was further estimated via fitting to the thermal noise spectrum
at the output of the system. The quality factor and probe coupling of the
resonance were measured on earlier cool-downs, so that unloaded Qs could be
obtained.
3. Future Experiments
The ORGAN experiment has recently received seven years of funding through
the ARC Centre of Excellence for Engineered Quantum Systems. As such we
outline plans to perform a series of long-term data collection experiments, each
targeting a different region of the promising, unprobed axion parameter space.
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Figure 4: The projected exclusion limits for the first stage of the experiment, a targeted scan
of the Beck result between 26.1 and 27.1 GHz with the best available equipment.
Stage I
The first stage, currently planned to operate for the duration of 2018 will
utilize two small cavities combined using cross-correlation [34], embedded in a
14 T magnet at 30 mK, with traditional HEMT based amplification at 4 K.
This experiment will focus on the frequency range 26.1 - 27.1 GHz, in order to
undertake a direct test of the Beck result to the best sensitivity achievable with
the technology available to us at the beginning of the tuning run. The resonator
will utilize a dielectric tuning mechanism that is the subject of ongoing research,
but will likely employ a dielectric supermode tuning mechanism as per [32].
We anticipate mode quality factors on the order of 50,000 and a form factor
on the order of 0.3 at 26.6 GHz. The projected sensitivity for this search is
shown in fig. 4. Projected limits were generated by integrating the inverse of
equation 2 over the frequency range and solving for gaγγ inputting a fixed value
of measurement time, with a signal to noise ratio of 5, assuming a dark matter
density of 0.45 GeVcm3 [35].
Stage II
During the operation of Stage I the ORGAN collaboration plans to prototype
and develop for Stage II, a wider scan from 15-50 GHz to take place over the next
6 years, from 2019 - 2025. The scan will be undertaken in 5 GHz regions, Stage
II-A through Stage II-G. Each region will receive approximately 10 months of
data collection, during which time further research and development for the re-
maining future stages can be undertaken. The aims of this research will be to
develop resonators at the requisite frequencies with the best possible sensitivity
based on a C2V 2G figure of merit, to develop quantum limited amplification for
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Figure 5: Strength of axion to two photon coupling as a function of axion mass with popular
axion models outlined by the yellow and blue lines. Published exclusion limits from CAST (or-
ange), ADMX [6, 7] (dark green), RBF [36, 37] (blue), UF [38] (blue-gray), and HAYSTAC [24]
(aqua) are shown. The projected sensitivities for various ORGAN scenarios are displayed. The
narrow cyan bar inside section C represents the first stage of the experiment, a targeted one
year search in the region 26.1-27.1 GHz, assuming a 14 T magnet, but otherwise retaining the
traditional HEMT-based amplification currently available. The dashed, narrower dark blue
bar set within the cyan bar represents the limits from the path-finding experiment conducted
at UWA with the existing infrastructure. A-G represent the various phases of the second
stage of the experiment over the next six years of EQuS. The 15-50 GHz scan is broken into 5
GHz regions, assuming that the goal of quantum limited amplification is met over the course
of the ORGAN experiment, with assistance from the EQuS collaboration. The dashed, light
blue lines show the extension to these limits that could be reached with a larger 28 T magnet.
The lower, dashed, darker blue line shows the projected sensitivity under the assumption that
we can surpass the quantum noise limit and achieve added noise at the level of the thermal
noise of the resonator and amplifier with the 14 T magnet, whereas the dashed purple line
represents the same level of thermal noise for the larger 28 T magnet. If we meet our long
term goals to surpass the quantum noise limit, and to work with an even stronger magnet it
is within the realm of possibility to probe the lower end of the expected axion coupling range
over the frequency range 15-50 GHz.
each frequency range, as well as a potential further magnet upgrade to 28 T. It
is our goal to install quantum limited amplification at the beginning of Stage
II-A at 15 GHz, and develop new amplification as we progress. Furthermore,
collaborators at the Australian National University have experience developing
squeezing techniques to beat the standard quantum limit of added noise for the
Advanced LIGO experiment [39]. The ORGAN collaboration will investigate
implementing squeezed microwave states and quantum non-demolition measure-
ments in order to surpass the quantum limit in the haloscope, and reach sensi-
tivities inside the DFSZ to KSVZ model band. Such technologies and schemes
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have been proposed for use in low noise microwave experiments, and in axion
detection experiments before [40, 41, 42, 43]. The sensitivities for Stages II-A
through II-G are shown in fig. 5. The caption details the different scenarios
associated with each set of exclusion limits, and experimental parameters are
assumed to be similar to those expected in Stage I, with the assumption that
at higher frequencies we will employ multiple resonators so that the effective
volume utilization remains roughly constant. Improving on these parameters
and thus further improving sensitivity will be a goal of ongoing research and
development. Each frequency range will require different cavity parameters and
a different number of cavities. The planned 14 T magnet has a bore size of
65 mm and a length of 445 mm. As such, the cavities used for the lower end
of the search will need to fill the radial size of the bore to reach the 15 GHz
target (using a TM030 mode cavity designed as per [32]. As the central search
frequency increases a larger number of cavities will be employed such that the
effective volume utilization remains roughly constant. The exact structure of
the resonators that will be employed for the later stages of the search is not fi-
nalized, but it is likely that 4-6 cavities will be utilized. We have elected to begin
our search frequency range at 15 GHz, as the region below this will be capably
covered by other experiments such as those underway at ADMX, CULTASK,
and HAYSTAC, and future experiments such as ABRACADABRA [21]. Other
planned experiments such as MADMAX [22] and ORPHEUS [44] aim to cover
a similar mass range. As such, ORGAN will commence with the targeted search
around 110 µeV, which will begin in 2018. Once this is complete, the experi-
ment plans to cover the wider search range, but the multi-stage structure of the
experiment will allow ORGAN to remain manoeuvrable, and capable of shifting
focus to cover areas of the high mass parameter space that are not excluded,
should one of these other high mass experiments successfully exclude some of
the planned search space. Regions above 50 GHz are not as well motivated
theoretically.
4. Conclusion
The ORGAN experiment has undertaken its pathfinding run, which con-
strains axion-photon coupling in a narrow span around 26.531 GHz. The best
limit reached is gaγγ > 2.02 × 10−12eV−1 with 90% confidence, or ∼50 times
KSVZ at this frequency. Development of later stages of the experiment is un-
derway. If the goals outlined in the text are achieved, we will perform the first
direct test for dark matter axions below the sensitivity of CAST in the highly
promising region of 15-50 GHz utilizing a 14 T magnet and a series of small
resonators. Through the ARC Centre of Excellence for Engineered Quantum
Systems (EQuS) the experiment has funding for seven years. EQuS nodes will
develop quantum limited amplification, whilst researching implementation of
sub-quantum limited amplification, in addition to novel resonators. The first
scanning stage of the experiment is planned to commence in 2018 and run for
approximately a year. After this, 6 further years of searching are planned.
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